Antisera prepared against the purified transaldolases of five species of Bijidobacterium were used to establish natural relationships among the 21 species that presently comprise this genus. The degree of phylogenetic relatedness among the respective members of this genus was estimated from the results of qualitative and quantitative immunological procedures in which the enzymes served as an evolutionary marker. The results are presented in the form of a phylogenetic dendrogram.
In a previous immunological study, the enzyme transaldolase (EC 2.2.1.2) was used as an evolutionary reference point to establish natural relationships among 21 species of B$dobacterium (10, 11). With antisera prepared against the transaldolases from B. thermophilum, B. cuniculi, and B. minimum, some degree of immunological homology was demonstrated with the transaldolases of all 21 species. Extensive paired comparisons on immunodiffusion plates indicated that the 21 Bijidobacterium species could be assigned to eight major immunological specificity groups (antigenic groups A through H).
Quantitative immunological data obtained by microcomplement fixation studies generally supported the divisions within the genus based on immunodiffusion studies, and a dendrogram depicting the natural relationships among the 21 strains was prepared from the composite data (10).
Although the qualitative and quantitative immunological data appeared to be in general accord, it was clear that three specific questions regarding the placement of several species had yet to be resolved. For example, immunodiffusion experiments with the three anti-transaldolase sera relegated B. cuniculi and B. magnum to the same immunological group, group C. However, quantitative immunological data, deoxyribonucleic acid hybridization studies (9), and electrophoretic mobility studies (8) clearly indicated that the two species were different. Similarly, one set of microcomplement fixation data suggested that the transaldolases of B. magnum and B. suis might be very similar; immunodiffusion data contradicted this finding. Furthermore, these two species, like B. cuniculi and B. globosum, are found only in animal habitats, yet B. magnum and B. suis appeared to be more closely related to human intestinal forms such as B . angulatum and B. catenulatum. Finally, B. adolescentis, which is genetically and phenotypically related to B. angulaturn and B. catenularum, appears to possess a transaldolase that is more closely related immunologically to those of B. longum and B. infantis.
The pitfalls of attempting to determine precise natural relationships with too few protein reference points have been adequately discussed in previous publications and need no reiteration here (2, 3). Therefore, in an effort to resolve the conflicts in the data described above and to refine further the phylogenetic relationships presented in a preliminary publication of this work (lo), antisera were prepared against transaldolases purified from five additional Bijidobacterium species, namely, B. infantis, B. angulatum, B. suis, B. globosum, and B. asteroides. This paper describes immunological comparisons based on five additional protein reference markers and presents these data in the form of a phylogenetic dendrogram.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains used in this study, together with their sources and the conditions of cultivation, were described previously (9).
Biochemical procedures. The five-step procedure used to purify the transaldolases of B . infantis, B . angulatum, B. suis, B. globosum, and B. asteroides to electrophoretic homogeneity was described elsewhere (11). The protein contents of enzyme preparations and cell extracts were determined colorimetrically by the method of Lowry et al. (5) .
Immunological procedures. Antisera directed against each of the transaldolases were prepared by administration to pairs of male New Zealand white rabbits of four intradermal injections over a period of 4 weeks followed by two intravenous injections at weekly intervals. Intradermal injections contained 0.2 ml of pure transaldolase (roughly 200 IU or between 0.1 and 0.3 mg of protein), 0.2 ml of Freund complete adjuvant, and 0.01 ml of a 1% solution of methylated bovine serum albumin. Intravenous injections consisted of a solution containing 0.25 ml of transaldolase and 0.01 ml of methylated bovine serum albumin. Levels of transaldolase antibodies were estimated semiquantitatively by the precipitin test (6). Ten days after the final injection, the rabbits were bled and sera were decanted from the clotted blood samples; the sera were stored at -20°C until used.
Immunodiffusion experiments were carried out by the procedure of Stollar and Levine (14) . Immune precipitation reactions on Ouchterolony plates were analyzed and interpreted on the basis of the convention of Gasser and Gasser (2). Groups of identical specificity are defined as clusters of transaldolases that produce confluent immune precipitates in doublediffusion experiments when tested against one another with a specific antiserum. Groups of partial identity produce an immune reaction with a single spur that is directed against the lesser of the two antigenically related proteins; double-spurred reactions comprise groups of nonidentity. Microcomplement fixation was performed by the procedure of Wasserman and Levine (14) 
RESULTS AND DISCUSSION
In an earlier immunodiffusion study (11) in which antisera prepared against the transaldolases of B . cuniculi, B . thermophilum, and B . Antigenic groups A and B, which are made up solely of human isolates, appeared to be more closely related to each other than to any other groups of identical specificity; like groups C and C', groups A and B were always found in adjacent positions in the five hierarchical schemes shown in Fig. 1 . Similarly, the species associated with animal habitats, groups C, D, E, and G, were also found adjacent to one another, although their relative order depended upon the reference protein used to establish the hierarchy. The two species of Bijidobacterium found only in the honey bee, B. asteroides and B. indicum, comprise antigenic group H and represent the most antigenically distant members of the genus (Fig. 1) .
A complete summary of the microcomplement fixation data obtained with the five newly prepared antisera, as well as those obtained with the three original anti-transaldolase sera, is presented in Table 2 . It is immediately apparent from these data that the degree of immunological dissimilarity within identical specificity groups A, B, and C was extensive. Transaldolases found in the species pairs of B . thermophilus-B. boum, B. globosum-B. psuedolongum, B. minimum-B. subtile, B. asteroides-B. indicum, and B. infantis-B. longum exhibited a substantial degree of antigenic homology. However, the immunological distances separating the respective species in groups A, B, and C were of roughly the same magnitude as anti-fructose diphosphate aldolase immunological distances in a comparison of species of group D streptococci (3), the Lactobacillus casei group (3), and a group of Pediococcus species (4).
Differences among Bijidobacteriurn groups C, D, E, F, and G were even more dramatic, ranging from a small immunological distance of 130 to a distance of over 200. These relatively high values contrast sharply with the more gradual succession of immunological distance values noted among groups of identical specificity in the genera Streptococcus and Lactobacillus (3). It is not surprising, therefore, that precise correlations between the ordering of the numerical immunological distance values (Table 2 ) and the corresponding order of antigenic specificity groups (Fig. 1) were not seen beyond the second or third cluster of either grouping. However, differences in the respective orderings rarely exceeded a single position shift in any of the five schemes. Only those transaldolases belonging to identical specificity groups A and B exhibited a rough gradation of immunological distances when surveyed with anti-transaldolase sera from B. angulatum and B. infantis. From the values presented in Table 2 , the B. adolescentis transaldolase may form a natural bridge between the group A and B bifidobacteria. Of the group B species, it was the least related to the B. infantis reference enzyme and it exhibited the greatest similarity to the group A reference enzyme (Fig.  1) . The remaining six groups of identical specificity are remarkable in that they appeared to be immunologically isolated from one another.
The relationships within and among the various antigenic groups are graphically depicted in the dendrogram shown in Fig. 2 . Those species exhibiting extensive structural homology among their transaldolases (as ascertained from their positions in the dendrogram) also shared a significant degree of deoxyribonucleic acid homology. For example, the extent of deoxyribonucleic acid homology observed between members within each of the species pairs mentioned earlier, as well as between B. asteroides and B. indicum, was 50% or greater. The dendrogram also shows that the various species were related according to their natural habitats. The uppermost clusters contain all nine species isolated from human sources. This group is followed by three clusters of seven species associated mainly with animals. Finally, the species isolated from sewage and insects form two small, but distinct, clusters. These data are important because they provide a line of evidence linking evolutionary divergence in procaryotes to changes in their ecological niches. Although it is not possible to determine whether insects or warm-blooded animals were the original habitat for the bifidobacteria, it is clear that their dissemination to other environments was accompanied by an extensive Table 1 ; transaldolases from species within each group invariably produced confluent precipitates (reactions of identical specificity) when tested against one another on Ouchterlony plates regardless of the antiserum used. The only exception to these observations occurred in group C, which could be subdivided with two antisera. The species cited at the uppermost section of each of the five hierarchical summaries was the source of the transaldolase against which the antiserum used in that set of immunodiffusion experiments was prepared. The arrow indicates the imrnunodominant antigens in the crossmatch, an equal sign is indicative of confluent precipitates or a reaction of identity, and the X signifies the production of double spurs or a reaction of nonidentity. A summary of the descending order of relatedness is presented beneath each hierarchy.
VOL. 32, 1982 PHYLOGENETIC RELATEDNESS AMONG BIFIDOBACTERIA 41 Table 2. molecular diversification, as evidenced by the relatively substantial degree of antigenic dissimilarity noted among their transaldolases. The segregation of the 21 species of bifidobacteria into four quite distinct and apparently natural clusters suggests that a subdivision of the genus into four subgenera would more accurately reflect the group's natural history. Although no formal proposal is being promulgated at this time, such action could be justified on the basis of the transaldolase studies reported here, the deoxyribonucleic acid hydridization studies (9), and the segregation of the 21 species according to their natural habitats.
